We have examined the dsRNA segments of the multipartite virus from Penicillium chrysogenum (ATCC 9480). A fourth RNA segment has been detected recently and, in the present work, we separated the four RNA segments and looked for possible homologies among them by thermal denaturation and electron microscopical heteroduplex studies. Differences were found between the differential melting profiles of the separated RNA segments, and no extensive regions of homology were detected among the various RNA segments by heteroduplex analyses. The results suggest that each RNA segment contains unique sequences. A comparison of the lengths of the RNA segments determined by electron microscopy with those determined by gel electrophoresis suggests that one of the segments has a distinct tertiary structure.
INTRODUCTION
Many of the dsRNA mycoviruses (fungal viruses) contain several dsRNA segments of different molecular weights that are encapsidated in separate virus particles (Buck, 1980; Hollings, 1978; Wood, 1973) . Evidence is accumulating that some of the individual dsRNA segments contain unique genetic information in these mycoviruses. For example, Romanos et al. (1981) investigated two viruses of the wheat fungus Gaeumannomyces graminis by RNA fingerprinting, solution hybridization, and translation experiments in vitro. They found that the sequences of two dsRNA segments of each virus are unique (< 10 % homology) and that a third segment of one of the viruses is probably a satellite RNA of unique sequence. In the virus-like particles of killer strains ofSaccharomyces cerevisiae and Ustilago maydis, it has been determined by translation studies in vitro, hybridization analysis, sequencing and heteroduplex mapping that genes for capsid and toxin polypeptides reside on different dsRNA segments (Bostian et al., 1980; Field et al., 1983) , although resistance to toxin in the U. maydis system can be encoded by either of two dsRNAs of different size (Bostian et al., 1980) . There is much less evidence for the uniqueness of genetic information in the dsRNA segments of viruses of Penicillium fungi. Wetmur et al. (1981) concluded from the renaturation kinetics of dsRNA from Penicillium chrysogenum virus (PcV) that there is little homology among the different RNA segments of this virus. However, their study was done on unfractionated RNA from a strain of PcV that was assumed to have only three RNA segments. We have succeeded in isolating each of the four RNA segments of PcV from fungal strain ATCC 9480, and in the present paper we present evidence of conformational and sequence heterogeneity among the segments. METHODS P. chrysogenum was obtained from the American Type Culture Collection, Rockville, Md., U.S.A. (ATCC 9480). The P. ehrysogenum mycovirus, PcV, was purified from the fungus as described previously (Edmondson & Gray, 1983) . Double-stranded RNA was extracted from the virus particles with buffer-saturated, redistilled phenol. The RNA was dialysed twice against 100 vol. 0.01 M-disodium EDTA plus sodium phosphate buffer of t Present address : Department of Biochemistry and Biophysics, Oregon State University, Corvallis, Oregon 97331, U.S.A. 0022-1317/84/0000-6094 $02.00 © 1984 SGM s.P. EDMONDSON, D. LANG AND D. M. GRAY 0.01 M-Na ÷ pH 7.0, twice against 0.01 M-NaC1 plus sodium phosphate buffer 0.01 M-Na ÷ pH 7-0, four times against sodium phosphate buffer of 0-01 M-Na ÷ pH 7.0, and finally against sodium phosphate buffer of 0.002 M-Na + pH 7.0. Absorption spectra were recorded on either a Cary Model 14 or a Cary-Varian Model 118 spectrophotometer.
Electrophoresis. Aliquots of 5 to 20 ~tl of dsRNA from PcV or the Pseudomonas bacteriophage 46, containing 0.05 to 0.30 ktg of nucleic acid per electrophoretic band and 5~ glycerol, were layered on 12-cm tube gels containing 0-5 to 1-2~o agarose (SeaKem ME; FMC, Rockland, Me., U.S.A.). Electrophoresis was performed at 1 V/cm for 18 h at 20(+ 1) °C in 0-001 xi-disodium EDTA plus potassium phosphate buffer of 0-05 M-K ÷ pH 7.2. The lengths of the PcV RNA segments were calculated from their electrophoretic mobilities relative to the mobility of ~b6 dsRNA. The reference contour lengths of the q~6 segments (prepared from 0.2 M-NH4C1) were determined by electron microscopy to be 0.78(_0.02), 1.08(+0-03) and 1.70(+0.05)~tm, corresponding to estimated molecular weights of 2.03 x 106, 2.79 x 106 and 4-39 x 106, respectively (D. Lang & H. T. Steely, unpublished results) .
For preparative gel electrophoresis, approximately 20 ~tg of RNA was layered on slab gels (20 cm long, 3 mm thick) of 0.8 ~ agarose (low gelling temperature SeaPlaque; FMC) containing 10~ glycerol. After electrophoresis in 0.001 M-disodium EDTA, 0-03 M-NaHEPO4, 0.036 M-Tris, pH 7-4, for 18 h at 2 V/cm, the gels were stained for 10 min with 0-7 ~tg/ml ethidium bromide. The RNA bands were detected by transillumination with longwavelength (350 nm) u.v. light and cut out of the gel.
Isolation of dsRNA from agarose gels. The gel pieces containing the dsRNA segments were melted at 70 °C for 2 min, and the RNA was isolated from the agarose at 37 °C essentially by the procedure of Langridge et al. (1980) , with the addition of a phenol extraction step. The quaternary ammonium salt of the nucleic acid was partitioned into butan-l-ol by mixing with 1-5~ (w/v) hexadecyltrimethylammonium bromide (Sigma) in water-saturated butanol; the agarose remained in the aqueous phase. Nucleic acid was then partitioned back into an aqueous phase as the sodium salt, treated with chloroform to precipitate residual hexadecyltrimethylammonium salts and extracted with an equal volume of redistilled phenol. The tubes were inverted about 50 times and chilled on ice for at least 2 h. The solutions were centrifuged at about 1500 g for 10 rain at 4 °C in a Sorvall Type SP/X centrifuge, and the aqueous phase was adjusted to 1 M-NaC1. RNA was precipitated overnight at -20 °C after adding 2 vol. ethanol, collected by centrifugation for 20 min at 10 000 r.p.m. (12000 gm~x) in a Sorvall SS-34 rotor, and dissolved in 0.5 ml distilled water. The separated dsRNA segments were then dialysed against the same series of buffer solutions as for the RNA from virus particles, the final buffer being sodium phosphate of 0.002 M-Na ÷ pH 7.0. The recovery of dsRNA was approximately 60~ of the RNA loaded on the gel. When the phenol extraction and ethanol precipitation steps were omitted, the melting temperatures of the dsRNA segments obtained were 15 to 20 °C higher than that of native PcV dsRNA, presumably due to contaminating agarose or hexadecyltrimethylammonium salts.
The absorption spectra of the separated segments were very similar to that of the unfractionated RNA (Edmondson & Gray, 1983) , except that the absorption spectra of segments 1 and 3 of the RNA used for the second melting experiment contained a minor band at 320 nm, possibly due to residual ethidium bromide. This did not, however, appear to affect the melting profiles of these segments.
Melting profiles. For thermal denaturation studies, the dsRNA in sodium phosphate buffer of 0.002 M-Na ÷ pH 7.0 was brought to 0.001 M-disodium EDTA by the addition of a small amount of a concentrated solution, giving a final Na ÷ concentration of 0.004 M (sample buffer). The RNA solutions were centrifuged for 15 min in an Eppendorf Model 5412 centrifuge prior to thermal denaturation, resulting in A32o/A26 o ratios of approximately 0.01. To compensate for thermal expansion of the solvent during melting, an equimolar solution of AMP and GMP in sample buffer was used as a blank, As an additional internal control, a cuvette containing calf thymus DNA (Miles Laboratories) in sample buffer was included in each melting experiment. The concentrations of RNA and DNA were adjusted to give an A 2ss of less than 0.007 above the absorbance of the nucleotide solution. The samples were degassed in a desiccator for 30 rain and then overlaid with about 0-2 ml of paraffin oil.
Melting curves were measured in a Gilford Model 2000 multiple-sample spectrophotometer at 258 nm. In experiment 1, the Azss of the PcV segment of highest molecular weight was 0.12, and those of the other RNA solutions were approximately 0-2. The A2ss of the RNA solutions of experiment 2 were 0.4 to 0.5. Full scale deflections of the recorder pen were adjusted to absorbance windows of 0-15 and 0.25 for experiments 1 and 2, respectively. A linear temperature increase of 0-2 °C/min was provided by a programmed water circulator. Melting curves were digitized at intervals of 0.10 or 0.16 °C and converted to percent hyperchromicity: ~ H = [(absorbance at the indicated temperature) -(absorbance at 20 °C)] x 100/(absorbance at 20 °C). The derivatives of the melting curves were computed by a sliding, 9-point cubic (or quartic) function as described by Savitzky & Golay (1964) .
Electron microscopy. Native dsRNA molecules were mounted for electron microscopy by the procedure of Lang & Mitani (1970) . Hybridization of the separated dsRNA segments was tested as described by Fried & Fink (1978 Heterogeneity among Pc V RNA segments 1593 60~ formamide and were heated at 70°C for 3 rain and chilled on ice. The ionic strength of the solutions was then increased to 0.01 M by adding 0.009 ml 2 M-Tris-HC1 pH 8, and the RNA molecules were renatured by heating for 1 h at 40 °C. The solutions were chilled on ice, and 0-1 ml of 0-1 ~o cytochrome c was added. About 20 ~tl of each solution was spread onto a hypophase containing 0-001 M-Tris-HC1 pH 8, 0.1 mM-disodium EDTA, and 30~ formamide. The RNA was sampled for electron microscopy by touching the spread film with carbon-coated platinum grids which were dried and rotary-shadowed with platinum.
Micrographs were obtained at magnifications of 10000 and 11800 with a Siemens Elmiskop IA electron microscope. Magnifications were calibrated with a cross-lined replica of an optical grating (E. F. Fullam, Inc., 2160 lines/mm). The micrographs were projected at a magnification of approximately 30, and the lengths of the molecules were measured with a Numonics Model 240-137 linear integrator. For each hybridization experiment, between 100 and 200 molecules were measured.
RESULTS
Electrophoresis of d s R N A from PcV in agarose gels separated the R N A into four components ( Fig. 1) with apparent molecular weights of 2-37 x 106, 2.17 x 106, 2.09 x 106 and 1.91 x 106, in close agreement with our previous measurements (Edmondson & Gray, 1983) . Earlier studies on PcV R N A have resolved only three segments of different molecular weights (Buck & Girvan, 1977; Wood & Bozarth, 1972) . Indeed, electrophoresis of a sample of PcV R N A given to us by Dr R. F. Bozarth (Department of Life Sciences, Indiana State University, Ind., U.S.A.) revealed only three components with molecular weights of 2.37 × 106, 2-17 x 106 and 2.05 x 106 (not shown). We have no explanation for the differences in the R N A content of these two virus isolates. Our results (below) show that the differences are not caused by fragmentation of a larger R N A species. Buck & Girvan (1977) have identified a fourth R N A component in a virus (Penicillium cyaneo-fulvum virus) that is serologically very similar to PcV.
As seen in Fig. 1, the components differ in molecular weight or structure, or both. In this paper, we will refer to the RNA segments of increasing electrophoretic mobilities as segments 1 to 4.
Thermal denaturation of PcV RNA Fig. 2 (a) shows the differential melting profiles of the separated RNA segments in the first of two experiments. The arrows indicate the individual thermal transitions (thermalites) observed in this and the second experiment (shown in Fig. 2b ). The bulk melting temperatures (T m s) of the separated dsRNA segments 1, 2, 3 and 4 in 0.004M-Na ÷ were 70.8, 73.2, 74.1 and 72.1 (___ 0.2) °C, respectively, in experiment 1. The T m of unfractionated PcV RNA was 72.6 °C, identical to the weighted average of the T m s of the separated segments. (All fractionated RNA segments for experiment 1 and the sample ofunfractionated RNA were simultaneously dialysed against the same buffer.) Therefore, the melting temperature of the RNA was not detectably altered by the procedure used to extract the RNA from the agarose gel.
As seen in Fig. 2 (a) PcV RNA segments 1, 2 and 4 all had major thermal transitions near 72.2 °C. Segments 1 and 4 also exhibited major transitions at 70.4 °C. These similarities in the melting curves of PcV RNA segments 1,2 and 4 suggest that these RNAmolecules contain some regions of similar base composition. The differences in the fine structure of their melting curves, however, indicate that the homology is riot extensive. The melting curve of RNA segment 3 showed some similarities to that of segment 2, but the T m of segment 3 was greater by about 1 °C than that of segment 2.
The T m s of the RNAs in a second experiment (Fig. 2b) were lower by about 1 °C compared with those of the first experiment, presumably due to a slightly lower ionic strength (a 1 °C decrease in Tm for PcV RNA would correspond to a decrease in Na ÷ concentration from 4 ram to 3"5 mM; Burnett et al., 1975) . Nevertheless, the shapes of the curves for each segment were qualitatively similar in the two experiments. Fig. 3 shows the differential melting curve of unfractionated PcV RNA and the calculated curves based on the profiles of the separated segments. The two most prominent thermal Fig. 3. (a) Differential melting curve of unfractionated PcV dsRNA; (b) sum of the differential melting curves of experiment 1; (c) sum of the differential melting curves of experiment 2. The separated RNA segments 1, 2, 3 and 4 were summed in proportions of 1:2 : 1:2, respectively. 1595 transitions in the unfractionated RNA were at 70-4 and 72.6 °C, and these compare well with the major transitions noted above for the separated segments in the first experiment. The third prominent transition in the unfractionated RNA was at 74.7 °C. The differential melting curves of segments 1, 2, 3 and 4 were summed in proportions of 1 : 2 : 1 : 2, respectively, which were the mass proportions of the RNA segments in native PcV RNA measured by densitometry of the electrophoretic profiles of unfractionated PcV RNA. As seen in Fig. 3 , the melting profile of unfractionated PcV was approximately the sum of the melting profiles of the separated RNA segments.
Electron microscopy of PcV RNA segments
To test for homology among the different PcV RNA segments, pairs of separated segments were mixed in hybridization conditions. No double-stranded molecules were observed prior to renaturation, indicating that the RNA was completely denatured. After renaturation at 40 °C for 1 h, both double-stranded and single-stranded molecules were observed (Fig. 4) . Some of the double-stranded molecules had single-stranded tails, but the lengths of the double-stranded region of these molecules were randomly distributed, indicating that these molecules had been formed by renaturation of fragmented RNA from the same segment. Significant numbers of other types of structures, such as single-stranded loops, were not found. Therefore, the electron microscopical heteroduplex analysis did not reveal regions of sequence homology among the various segments of PcV RNA; homologies greater than about 100 base pairs would have been detected. Fig. 5 shows the length distribution of dsRNA molecules in the six hybridization mixtures. As seen in Fig. 5 (f) the two shortest segments (3 and 4) were not resolved by electron microscopy and appeared as a single peak. The lengths of the dsRNA segments in the hybridization mixtures and the lengths of the RNA segments in the unfractionated RNA are summarized in Table 1 . After spreading in the presence of formamide at low ionic strength, the lengths of the dsRNA molecules were, as expected (Lang et al., 1967) , 19(_+2)~ greater than the lengths measured under standard conditions at an ionic strength of 0.2 M.
It is segment 3, and not segment 4, that behaves anomalously during either electrophoresis or preparation for electron microscopy. The length ratios L1/L2, L1/L3, L1/L4, L2/L3, L2/L4 and L3/L4 of the PcV RNA segments were determined to be, respectively, 1-107 (1-094), 1.194 (1.134), 1.220 (1.203), 1.078 (1-040), 1.103 (1.100) and 1.021 (1.061) by electron microscopy (and, in parentheses, by gel electrophoresis). (The value of 1.021 by electron microscopy for L3/L4 was determined from the ratios of L3 and L4 with the other segments. The standard deviation of length determinations is about 2~o for both techniques, but for comparison the length ratios are given to three decimal places.) The ratios determined by the two methods agreed to within 1-4~ when segment 3 was not involved, while the ratios that did involve segment 3 differed by 4 to 5To.
D I S C U S S I O N
The RNA genomes of mycoviruses such as PcV are useful sources of RNA for physicochemical and other studies that require pure, natural dsRNA with a narrow range of molecular weights. Our successful isolation of four RNA segments from PcV and the characterization of the separated segments as to molecular weights, thermal denaturation profiles, and lack of extensive homology should enhance their utility in such studies.
The segment (segment 1) melted at the lowest temperature, suggesting that this segment has the highest A + U content.
Electron microscopy of the separated RNA segments showed that the lengths of the two shortest RNA segments (segments 3 and 4) differed by about 0.03 gm, within the standard deviation of the measurements. Therefore, these segments have not been resolved by electron microscopy of unfractionated PcV RNA. Agarose gel electrophoresis of PcV RNA, however, showed a much greater apparent difference between the lengths of these two RNA segments. In addition, the ratios of the length of segment 3 to those of the other PcV RNA segments determined by electron miroscopy were inconsistent with the ratios determined by gel electrophoresis. Since the separation of nucleic acids by gel electrophoresis depends on the conformation as well as the length of the nucleic acid in solution, segment 3 may contain structural features, such as looped-out bases, that are not present in the other RNA segments. Burnett et al. (1975) identified four thermal transitions (thermalites) in the melting profile of double-stranded PcV RNA. Three of these transitions were found to be completely reversible and were associated with a pre-melting region. Using high-resolution thermal denaturation techniques, we have resolved at least three more thermalites in the cooperative-melting region of unfractionated PcV RNA at 70.4, 72-6 and 74.7 °C. Differential thermal denaturation profiles of the separated RNA segments showed that the thermalites observed in unfractionated PcV RNA did not correspond to the melting of different RNA segments. Each individual segment of PcV RNA contained several thermalites within a 5 °C interval, and the differential melting profile of native, unfractionated PcV RNA could be approximated by summing the differential melting profiles of the separated RNA segments.
The thermal denaturation and electron microscopy studies on the separated PcV RNA segments indicated that the shorter RNA molecules are not formed by deletions in the longer RNA segments. Approximately 50~ of RNA segment 2 was still intact at a temperature at which all of segment 1 had melted, even though there was only a 10~ difference in the molecular weights of these two RNA segments. In addition, the melting curves of the shorter RNA segments contained thermal transitions that were absent in the longer RNA segments. Therefore, the different segments of PcV RNA probably contain different sequences. Segments 1, 2 and 4 did have major thermal transitions at a similar temperature (72 °C) indicating that these segments might contain regions of similar base composition. We doubt that there is extensive homology between the different PcV RNA segments since we did not find regular patterns of double-stranded regions by heteroduplex analyses on mixtures of the separated segments, although the failure to show heteroduplex molecules does not provide unambiguous evidence that there are no regions of homology. In other work, the partial-denaturation map of unfractionated PcV RNA has shown that there is an upper limit of 50~ homology (if any) within the PcV genome (Chang, 1978) .
Our results are consistent with the notion that PcV is a multipartite virus with a segmented genome. The one known PcV capsid protein of molecular weight about 125 000 (Edmondson & Gray, 1983 ) requires a genome length corresponding to essentially all of one of the four RNA segments. Thus, approximately 75 ~ (or more, if genes overlap) of the gene products of the four RNA segments of this strain of PcV remain to be identified. This conclusion is supported by work reported by Bostian et al. (quoted in Buck, 1980 ) that each of the three RNA segments of their isolate of PcV gave distinct polypeptides in a translation system in vitro and that the smallest RNA segment encodes the capsid protein.
Finally, the differences between the RNA segments of this PcV strain and those reported by others (Buck & Girvan, 1977; Wood & Bozarth, 1972) are not due to different conformational isomers of the RNA nor to fragmentation of the RNA. A small dsRNA segment of about onetenth the size of the segments we have studied has been found in another strain of PcV (ATCC 10002, which is derived from ATCC 9480) and has been shown to have a unique melting profile (Cox et al., 1970 (Cox et al., , 1971 ). Also, four major dsRNA components have been discovered in another virus (P. cyaneo-fulvum virus) serologically very similar to PcV (Buck & Girvan, 1977) . Thus, there appears to be variability in the RNA content of related Penicillium mycoviruses.
